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Abstract 
ZnO nanoparticles were prepared by sol-gel storage method to determine the optimum growth time. The precursor was 
zinc acetate dihydrate and methanol used as solvent. NaOH act as additive that changes the initial sol pH. The stabilize 
growth of ZnO nanoparticles was recorded after 12 hours aging time. Structural characterization revealed a single phase of 
ZnO with hexagonal wurtzite structure. Absorption spectra showed the synthesized ZnO nanoparticles exhibit an optical 
absorption in visible region. In addition, a systematic computational method within density functional theory frame work 
was used to elucidate the electronic properties of the synthesized ZnO nanoparticles. Calculations were performed using 
local-density approximation corrected by Hubbard U method. Hubbard U allowed the alteration of electronic state energy 
of Zn and O which improved the calculation. The calculated energy band gap demonstrates a value close to experimental 
data. 
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Nomenclature 
LDA Local density approximation 
LDA+U  Local density approximation with Hubbard U correction 
 
 
1. Introduction 
 
Over decades, rapid increase in number of research on ZnO has been marked. The great attention has risen due 
to its unique properties especially wide band gap energy (3.37 eV at ambient temperature) and large binding 
energy (60 meV). The wide band gap offers the electronic transition to occur down to visible light region. 
Also, the binding energy persist the event of excitonic absorption and recombination  between electron and 
hole even at room temperature1. This process is enhanced with the nature of a direct type band structure that 
improved the efficiency of photo-generated electron transfer2. These properties serve as significant criteria in 
fabricating optoelectronic devices, such as lasers, photodiodes, and solar cell3-5. 
The formation of high purity ZnO nanoparticles is essential as it affect the resulting electronic properties. 
Various synthesis techniques have been applied to produce ZnO nanoparticles. Starting from high 
temperature synthesis protocol such as chemical vapor deposition and hydrothermal process, a wet chemical 
phase is also employed6, 7. Sol-gel method is a simple yet convenient technique that able to produce ZnO 
nanoparticles with preferred morphology and sizes. The ability to control hydrolysis and condensation rate has 
made sol-gel method relatively versatile5. 
Often, the first-principles calculation is used to elucidate the properties of ZnO. This technique facilitates 
the understanding of the ZnO behavior because they involved the calculation of the ground-state energy of the 
system by means of density functional theory (DFT). Several works has employed DFT with local density 
approximation (LDA) as the exchange-correlation functions 8, 9. Due to drawbacks of LDA that underestimate the 
band gap of ZnO, the Hubbard U (or LDA+U) approach has been used10. However, the works involving the 
prediction of the electronic and optical properties from experimental input are still limited. The effort of 
correlating both experimental and physical models is essential in order to better explain the properties of 
synthesized ZnO nanoparticles. 
In real situation, the ZnO nanoparticles are expected to be produced soonest possible. Thus, time has become 
the key factor. This work aims to study the stability of ZnO growth by means of shortest sol aging time. The 
quality of synthesized ZnO is then tested through structural and morphological characterization. The absorption 
spectra of ZnO nanoparticles are also examined. Also, the calculated results from first-principles method are 
compared and used to explain fundamental behavior and compliment experimental data. 
 
2. Methodology 
 
2.1 Synthesis of ZnO nanoparticles via sol-gel storage method 
 
The ZnO sol was prepared by mixing 0.2 M zinc acetate dihydrate [Zn(CH3COO)2.2H2O] and 200 mL of 
methanol (CH3OH) at room temperature. The solution was stirred for 2 hours until a clear solution was obtained. 
A 1.0 M NaOH was later titrated into the solution until the pH reached pH 9. At this stage, the clear solution has 
transformed into milky white slurry. The resulted white slurry was stirred for another 1 hour to allow a 
homogeneous mixing. After that, the sample was left alone for 12 and 24 hours to allow the complete hydrolysis 
and gelation. The aged samples were then showing separation between a clear solution and white precipitate that 
sediment at the bottom of the storage bottle. Filtration process was the carried out to obtain the white precipitate 
and further dried in an oven at 1β0 ˚C for β hours. The dried samples were ground with mortar and pestle to yield 
ZnO powder. Finally, the powder was calcined at θ00 ˚C in normal air to produce a well crystallize ZnO 
nanoparticles. Morphological characterization was done using field emission scanning electron microscope 
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(FESEM) and structural behavior was analyzed by X-Ray diffraction (XRD) and Rietveld-refinement method. The 
UV-Visible (UV-VIS) spectroscopy was used to obtain the absorption spectra of synthesized ZnO. For comparison 
purpose, sample with lesser storage time was also prepared. Sample after small sedimentation (approximately 4 
hours) was chosen and subjected to similar procedure as mention above. 
 
2.1 First-principle calculation of ZnO nanoparticles 
 
The calculation of electronic and optical properties was performed using Material Studio 8.0 within Cambridge 
serial total energy package (CASTEP) computer code based on plane-wave ultrasoft pseudopotential approach. By 
using Rietveld-refinement data, the unit cell of ZnO was constructed. This structure was geometrically optimized 
by local-density approximation (LDA) exchange-correlation function corrected with Hubbard U method.  The 
geometry optimization convergence thresholds were set with the maximum force of 0.01 eV/Å and the maximum 
atomic displacement of 0.0005 Å. The energy cutoff was fixed to 380 eV with k-point grid within Brillouin zone 
was 5 x 5 x 4. 
 
3. Results and Discussion 
 
1.1 Structural and phase analysis 
 
The diffracted patterns of ZnO nanoparticles at different aging time were indexed to the same ZnO wurtzite 
phase with ICSD no: 98-001-6787 (Fig. 1). The identical 2 theta position indicating no secondary phase present 
with the main peaks recorded at angle βș= γ1.θ˚, γ4.γ˚, γθ.η˚, 47.γ˚, ηθ.7˚, θγ.1˚, and θ7.8˚. The most intense peaks 
were located at plane (010), (002) and (011). The sample with shortest aging time had the lowest intensity and 
increased upon prolonged aging. This phenomenon indicates that the crystallinity of ZnO powders were higher at 
longer aging time. An adequate time for complete hydrolysis, condensation and polymerization during aging have 
led to the formation of ZnO powders. However, as the time prolonged from 12 hours to 24 hours, it was apparent 
that the intensity does not change much. It thus deduced that 12 hour aging time was enough for a good quality of 
ZnO powders. 
 
 
 
Fig. 1: The diffraction patterns of synthesized ZnO powders at different aging time 
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A quantitative Rietveld-refinement method was used to obtain the atomic parameter such as lattice dimension, 
atomic coordination and space group information. In this method, a new set of diffracted pattern was modelled as 
respect to the standard and observed patterns. These data were essential for first-principle calculation later on. 
Note that the adequacy of Rietveld analysis was dependent on residual (R) values and their reliability was 
governed by goodness of fit (GOF). The GOF was given by the ratio between weighted R value (Rwp) and 
expected residual value (Rexp). Rwp gave the affirmation between observed and calculated patterns, while Rexp 
was the least allowable Rwp value based on certain refinement parameters. For a reliable refinement result, the 
GOF value should be less than 211. In this work, the GOF for all three samples were acceptable and lattice 
parameter a and c were also well matched to standard value (Table 1). 
 
Table 1: The structural parameter and reliability factor from Rietveld analysis 
 
 
Sample 
(hours) 
 
 
a (Å) 
 
c (Å) 
 
V (Å3) 
Discrepancy factor 
 
Rwp Rexp GOF 
 
4 3.2424 5.1975 47.35 15.58677 10.99112 2.01108 
12 3.4298 5.2068 47.622 15.56702 9.93207 2.45658 
24 3.2501 5.2068 47.633 16.18223 10.65693 2.30575 
 
3.2 Morphological analysis  
 
The micrographs of synthesized ZnO are observed with aid of FESEM at 50,000 X magnification (Fig.2). An 
irregular shape was observed throughout all samples with some hexagonal-like form. Apparently, the sizes of ZnO 
were reduced upon prolonged aging. The longest aging time (24 hours) produced ZnO with 49 nm particle sizes in 
average while sample after 4 hours aging showed 200 nm particle sizes. The particle size for sample 12 hours was 
80 nm. Based on morphology and structural characterization result, it was sufficient to precede the optical analysis 
with sample after 12 hours aging as it gave the optimum and good quality of ZnO nanoparticles. 
 
 
 
 
 
  
 
 
 
 
 
Fig. 2: FESEM micrograph of aged ZnO nanoparticles a) 4 hours, b) 12 hours and c) 24 hours 
 
3.3 Optical analysis 
 
The sample aged for 12 hours was tested for optical response to evaluate the quality of the synthesized ZnO 
nanoparticles. The absorption spectrum of ZnO nanoparticles was obtained after being examined using UV-Vis 
spectroscopy (Fig. 3). The plot of αhv2 versus photon energy was plotted and tangent line drawn until x-axis 
interception. The intercepted energy,Eg = 3.10 eV corresponded to the band gap energy of ZnO The result revealed 
synthesized ZnO exhibit an optical absorption in visible region. In order to enhance the fundamental understanding 
of electronic properties of ZnO nanoparticles, the first-principles method was use to simulate the band gap.  
 Kausar Harun et al. /  Procedia Chemistry  19 ( 2016 )  125 – 132 129
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: The absorption spectra of synthesized ZnO aged for 12 hours 
 
3.4 First-principles calculation of ZnO nanoparticles: modelling, optimization and band gap determination 
 
The calculations began with constructing the hexagonal ZnO crystal structure by inserting the lattice parameter, 
atomic coordination and space group P63mc obtained from Rietveld analysis. The built unit cell of ZnO consists of 
two Zn atoms attached to 3 O atoms (Fig. 4).  The calculations throughout this work were based on this structure. 
Geometrical optimization onto the ZnO structure was done to obtain the unit cell with the lowest energy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: The unit cell of ZnO generated by Material Studio 8.0-CASTEP computer code 
 
By applying exchange-correlation functional LDA+U, the effective energy (U) of valence electron from each 
atom were adjusted during optimization process. This method improved the calculation as it defines the strongly 
correlated materials of d and f electron localization. The 3d-state of Zn (Ud) was treated as valence state. Also, for 
transition metal oxide system, the 2p-state of oxygen (Up) was corrected as well to overcome the under-binding of 
Zn 3d during calculation. In literatures, a variety of U values for both Ud and Up been suggested10, 12. The 
preliminary study had shown that by adjusting the Ud value only starting from 7 eV would give a small effect on 
band gap energy. As there is no consensus regarding the procedure to choose the U value, several attempts have 
been made and the resulting energy band gaps are compiled (Table 2). It was fairly stated that by increasing the Ud 
value alone still lead the underestimation in energy band gap value even when the Ud was set as 10 eV. However, a 
good agreement with experimental data (3.10 eV) was achieved when Ud = 5 eV and Up = 7 eV. An overestimation 
in energy band gap found when the U values were increased after this point.  
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Table 2: The value of effective energy (U) of zinc and oxygen and resulting energy band gap calculated using 
LDA+U functional 
 
Ud values for 
Zn 3d (eV) 
Up values 
for O 2p 
(eV) 
Functional Band gap (eV) 
7 0 LDA+U 1.19 
8 0 LDA+U 1.23 
9 0 LDA+U 1.26 
10 0 LDA+U 1.29 
4 7 LDA+U 2.98 
5 7 LDA+U 3.08 
6 7 LDA+U 3.17 
7 7 LDA+U 3.24 
8 7 LDA+U 3.31 
8 8 LDA+U 3.59 
 
For better viewing, the band gap diagrams under varied U value were presented (Fig. 5). The Fermi level was set 
to be zero separating the valence band at the bottom part and conduction band at upper side. In overall, it was proven 
that ZnO nanoparticles were having a direct band structure as the highest point of valence band and lowest point of 
conduction band was located at the same Brillouin path, G-G. Thus, the electron excitations were favourably 
occurring at this point.  
 
   
 
  
                 
 
 
 
 
 
 
 
 
 
Fig. 5: Electronic band structure using LDA + U functional with energy states Zn Ud = 5 eV, O Up = 7 eV 
 
An in depth study of the electron transition could be explain by density of state (DOS) diagram. The DOS of 
ZnO revealed the tabulation of electronic state with respect to energy (Fig. 6). The state located below 0 eV 
represented valance state which dominated by O-2p. Above the Fermi level, the electronic states were prominently 
tabulated with Zn-4s and some overlapping between Zn-3d and O-2p. Thus, the electronic excitation occurred in 
ZnO nanoparticles were mainly attributed from O-2p state towards Zn-4s state.  
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Fig. 6: DOS of ZnO calculated by LDA+U approximation with Ud=5 eV and Up=7 eV     
4. Conclusion 
The ZnO nanoparticles have been successfully synthesized via sol-gel storage method. All samples with different 
aging time yield ZnO with varied sizes. The optical properties of optimum sample revealed the absorption at visible 
light region. The first-principles calculation had shown the energy band gap close to energy at the absorption edge. 
Further analysis proved that the electron excitation occurred during absorption process were dominated from O-2p 
state towards Zn-4s state. This work had motivated that the experimental phenomenon could be explain 
fundamentally via first-principle method.  
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